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SRAFK INSERTION WITH ARTIFICIAL
NEURAL NETWORK

BACKGROUND

Techmical Field

The present disclosure relates to integrated circuits (ICs).
More specifically, the present disclosure relates to processes
for creating and adjusting models of IC layouts.

Related Art

Fabrication foundries (“Tabs”) can manufacture 1Cs using,
photolithographic processes. Photolithography 1s an optical
printing and fabrication process by which patterns on a
photolithographic mask (1.e., photomask) are imaged and
defined onto a photosensitive layer coating of a substrate. To
tabricate an IC, photomasks are created using an IC layout
as a template. The photomasks contain the various geom-
etries (1.e., features) of the IC layout, and these geometries
can be separated with layers of photoresist material. The
various geometries contained on the photomasks correspond
to the various base physical IC elements that make up
functional circuit components such as transistors, intercon-
nect wiring, via pads, as well as other elements that are not
functional circuit elements but are used to {facilitate,
enhance, or track various manufacturing processes. Through
sequential use of the various photomasks corresponding to a
given IC 1 an IC fabrication process, a large number of
material layers of various shapes and thicknesses with
different conductive and insulating properties may be built
up to form the overall IC and the circuits within the IC
layout.

As mtegrated circuit (IC) components have continued to
decrease 1n size, improvements to scale have spawned
design implementation issues for some types of features,
¢.g., In complementary metal-oxide-semiconductor (CMOS)
ICs with features sized less than approximately twenty-two
nanometers (nm). As IC technology continues to shrink, the
growing need for empirical data from a design may exac-
erbate the uncertainty of the manufacturing process, thereby
increasing the risk of defects or impaired operability. Con-
ventional approaches for traversing physical limits may
apply manual or computer-implemented techniques {for
increasing the resolution of chips printed using optical
lithography. One such technique 1s known as optical prox-
imity correction (OPC). OPC 1s a computational method for
correcting 1rregularities and distortions arising from diffrac-
tion eflects by the transforming of mask geometries.

An OPC model of an IC layout may include one or more
sub-resolution assist features (SRAFs), also known as “scat-
tering bars,” solely to improve the printability of isolated
teatures. SRAFs take advantage of the fact that an 1solated
teature 1n an OPC model will typically print at a feature size
significantly different from similarly positioned features that
are 1n close proximity with other features. An SRAF may be
included 1n a mask near a relatively 1solated target feature to
ailect the printing density of the target feature, e.g., to cause
the targeted feature to behave more like a dense feature after
being printed, and/or to change the position of the projected
edges 1n the target feature. SRAFs are structured such that
their mtensity profiles are not below a threshold dose for
fabricating an IC structure, and thus are considered to be
“sub-resolution” features. The presence of an SRAF near the
target feature will aflect nearby printed features, without the
SRAF actually being printed. Selecting positions for SRA
isertion into an IC layout can be time-consuming. In
particular, SRAF insertion 1s conventionally performed via
manual 1nspection and/or special case mathematical models
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2

due to substantial physical differences between features, IC
layouts, products, etc. Conventional models do not offer a
predictable and cost-etlective way to automatically predict
and select locations for SRAFs to improve the printability of
nearby features.

SUMMARY

A first aspect of the present disclosure provides a method
including: identifying a target feature 1n an integrated circuit
(IC) layout not represented 1n a library, the library including
a plurality of sub-resolution assist feature (SRAF) usetul-
ness maps corresponding to a plurality of features and
SRAFs 1n the IC layout; generating a usefulness map for the
target feature with an artificial neural network (ANN), the
generating being based on the target feature and the plurality
of SRAF usefulness maps in the library; adding the target
feature and the generated usefulness map to the library;
selecting an SRAF insertion site for the target feature based
on the generated usefulness map; and 1nserting an SRAF for
the target feature nto the IC layout at the selected SRAF
insertion site.

A second aspect of the present disclosure provides a
computer program product stored on a computer readable
storage medium, the computer program product including
program code, which, when being executed by at least one
computing device, causes the at least one computing device
to: 1dentily a target feature in an integrated circuit (IC)
layout not represented in a library, the library including a
plurality of sub-resolution assist feature (SRAF) usefulness
maps corresponding to a plurality of features and SRAFs in
the IC layout; generate a usefulness map for the target
feature with an artificial neural network (ANN), the gener-
ating being based on the target feature and the plurality of
SRAF usefulness maps in the library; add the target feature
and the generated usefulness map to the library; select an
SRAF 1sertion site for the target feature based on the
generated usefulness map; and 1nsert an SRAF for the target
teature mto the IC layout at the selected SRAF 1nsertion site.

A third aspect of the present disclosure provides a system
including: at least one computing device configured to
perform a method by performing actions including: identify
a target feature 1 an integrated circuit (IC) layout not
represented 1n a library, the library including a plurality of
sub-resolution assist feature (SRAF) usefulness maps cor-

responding to a plurality of features and SRAFs 1n the IC
layout; generate a usefulness map for the target feature with
an artificial neural network (ANN), the generating being
based on the target feature and the plurality of SRAF
usefulness maps 1n the library; add the target feature and the
generated usefulness map to the library; select an SRAF
isertion site for the target feature based on the generated
usefulness map; and insert an SRAF for the target feature
into the IC layout at the selected SRAF insertion site.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a schematic data flow diagram of com-
ponents and processes for iserting SRAFs mto an IC layout
according to embodiments of the disclosure.

FIG. 2 provides a plan view of a usefulness map for SRAF
isertion according to embodiments of the disclosure.

FIG. 3 provides a schematic process diagram illustrating,
a method of using an ANN to generate a usefulness map for
SRAF 1nsertion according to embodiments of the disclosure.
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FI1G.4 provides a schematic process diagram 1llustrating a
method of training an ANN with translated SRAF usefulness

maps according to embodiments of the disclosure.

FI1G. 5 depicts an illustrative environment, which includes
a computer system configured to interact with a fabricating
device and a training data repository to msert SRAFs in an
IC layout according to embodiments of the disclosure.

FIG. 6 1s an example flow diagram of a method for
iserting SRAFs mto an IC layout with artificial neural
network (ANN) according to embodiments of the disclosure.

FIG. 7 1s an example flow diagram showing processes for
expanding ANN training data according to embodiments of
the disclosure.

It 1s noted that the drawings of the invention are not
necessarily to scale. The drawings are intended to depict
only typical aspects of the mvention, and therefore should
not be considered as limiting the scope of the mvention. In
the drawings, like numbering represents like elements
between the drawings.

DETAILED DESCRIPTION

In the following description, reference 1s made to the
accompanying drawings that form a part thereof, and 1n
which 1s shown by way of illustration specific exemplary
embodiments i which the present teachings may be prac-
ticed. These embodiments are described 1n suflicient detail
to enable those skilled in the art to practice the present
teachings, and it 1s to be understood that other embodiments
may be used and that changes may be made without depart-
ing from the scope of the present teachings. The following
description 1s, therefore, merely illustrative.

Introduction and General Definitions

Embodiments of the disclosure can use machine-learning
techniques for 1mage recognition, interpretation and pro-
cessing to automatically insert sub-resolution assist features
(SRAFs) mto itegrated circuit (IC) layouts, and enable
tabrication of a circuit using those layouts. Embodiments of
the disclosure include systems, computer program products
and methods employing an artificial neural network (ANN)
to automatically select and insert SRAFs at locations which
are likely to improve the printability of a nearby feature.
Further embodiments can include iteratively traiming the
ANN with information from previously fabricated IC struc-
tures and/or inserted SRAFs to aid SRAF insertion.

To better 1llustrate the various embodiments of the present
disclosure, particular terminology which may be known or
unknown to those of ordinary skill in the art 1s defined to
turther clarity the embodiments set forth herein. The term
“system” can refer to a computer system, server, etc.,
composed wholly or partially of hardware and/or software
components, one or more mstances of a system embodied 1n
software and accessible a local or remote user, all or part of
one or more systems 1n a cloud computing environment, one
or more physical and/or virtual machines accessed via the
internet, other types of physical or virtual computing
devices, and/or components thereof.

The term “IC layout” can refer to a digital rendering or
similar representation of a complete or partial IC chip which
includes a plurality of circuit features (simply “features”
hereafter) which may be stored, e.g., 1n a memory compo-
nent of a computer system. A “region” refers to any subset
of a given IC layout. A “pattern” refers to a representation
of one or more features 1 an IC layout, which may be
transierred from the memory of a computer system onto a
mask by way of, for example, direct-write electron beam
lithography. Optical proximity correction (or “OPC”) gen-
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4

erally retfers to a process by which an IC layout 1s modeled
for printing by converting a set of ideal feature patterns into
corrected feature shapes to account for one or more printing
CITOrS.

A “shape” or “feature shape” refers to an estimated
printing region of a given pattern 1n an OPC model, which
may account for printing errors or related constraints. A
“feature” generally refers to a functional element 1n an IC
layout (e.g., a wire) which must be printed on a wafer using
photolithography techniques. A “sub-resolution assist fea-
ture (SRAF),” also known as a “scattering bar,” refers to a
feature included i an IC layout solely to improve the
printability of i1solated features. SRAFs take advantage of
the fact that an 1solated feature mm an OPC model will
typically print at a feature size significantly diflerent from
similarly positioned features which are in close proximity
with other features, e.g., to increase the size or adjust the
edges of other features.

Circuit fabrication with SRAF Usetulness Maps

FIG. 1 provides schematic a schematic data flow diagram
of components and processes for inserting SRAFs into an IC
layout according to embodiments of the disclosure. FIG. 1
illustrates a proposed IC layout 100 indicative of at least a
portion of a product to be modeled and manufactured using
optical proximity correction (OPC). Proposed IC layout 100
can include features 102 to be printed at various positions.
A single feature 102 1s shown 1n proposed IC layout 100 for
the purposes of demonstration only, and it 1s understood that
proposed IC layout 100 of FIG. 1 can represent only a
portion of a larger IC layout to be printed. More specifically,
IC layout 100 depicted 1in FIG. 1 can represent a single
region of proposed IC layout 100. Each region of IC layout
100 may include multiple features 102, which are in close
physical proximity relative to other patterns, and/or may be
functionally 1interrelated or designed to be manufactured
together. In some cases, proposed IC layout 100 may include
only a select group of regions and associated features 102,
which may provide a group of empirical data for OPC.

As shown, proposed IC layout 100 can include a first set
of SRAFs 104 and a second set of SRAFs 106, e.g., having
respective sizes and eflfects on the printing of features 102.
SRAFs 104, 106 are included 1in proposed IC layout 100
nearby features 102 to aflect the printing thereof, e.g., by
increasing the thickness, length, etc., of nearby features 102
due to proximity eflects of various fabricating devices used
to yield an IC product. SRAFs 104, 106 may be of a size that
prevents them from being physically generated upon fabri-
cation of a product. SRAFs 104, 106 may work as intended
during fabrication of a device, e.g., by aflecting the print-
ability of features 102, but not actually being printed during
manufacture. It 1s understood that some features 102 in
proposed IC layout 100, or portions thereof, may not have
associated SRAFs 104, 106. To this extent, the possible
location of one or more SRAFs can be identified as an SRAF
isertion site 108. SRAF 1nsertion sites 108 for features 102
may be chosen manually 1n conventional processes, but
embodiments of the present disclosure can automatically
identify SRAF 1nsertion sites 108 where SRAF(s) 104, 106
can be added as described herein.

A fabricating device 150 (e.g., a single fabricating plant
and/or a group of interconnected devices for producing a
fabricated circuit 160 from a proposed layout) can be
operable to recerve proposed IC layout 100 and yield
tabricated circuit 160 based on proposed IC layout 100.
Fabricated circuit 160 can include one or more printed
features 162 formed based on, e.g., feature(s) 102 of pro-
posed IC layout 100. Fabricating device 150 can be operable
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to, €.g., cause manufacture of one or more circuit elements
at positions designated with features 102 i proposed IC
layout 100. As discussed elsewhere herein, the position of
SRAFs 104, 106 1n proposed IC layout 100 can affect the
s1ze, shape, etc., of printed features 162 1n fabricated circuit
160.

To aid 1n the placement and eflectiveness of SRAF
insertion, some manufacturers may rely upon SRAF useful-
ness maps. These usefulness maps are the visualized pre-
dictions of how SRAF(s) 104, 106 may aflect the printability
of nearby features 102. As discussed herein, usefulness maps
can describe net effect of an elementary SRAF insertion 1n
the proximity of an 1solated arbitrary target shape, and using,
a usefulness map generally includes two steps: (1) generating
an SRAF usefulness map for an arbitrary layout comprised
of OPC target shapes from an IC layout and (11) derivation
of design rule check (DRC) compliant SRAF shapes from
those usefulness maps. Systems according to various
embodiments of the disclosure can include a library 170 of
usetulness maps for one or more IC layouts 100, and which
may include representations of features 102 and/or SRAFs
104, 106. In accordance with embodiments of the disclosure,
library 170 1s connected to, and modified by an artificial
neural network (ANN) 174 which can be trained according,
to a subset of the limited usefulness library described above.
According to a further example, library 170 can include a
group of usefulness maps 180 (example shown 1n FIG. 2)
provided as imitial samples, regardless of whether they are
included 1n proposed IC layout 100 and/or diflerent pro-
posed IC layouts 100. Embodiments of the disclosure can
also 1include a computer system 202 in communication with
library 170, e.g., according to any currently-known or later
developed solution for communicating between data reposi-
tories (e.g., library 170), computer systems (e.g., computer
system 202), and/or other data repositories discussed herein.

Computer system 202 1s configured to insert SRAFs 104,
106 1nto one or more proposed IC layouts 100, e.g., con-
structing, training, and/or applying ANN 174. ANN 174 can
be operable to msert SRAFs into proposed 1C layout(s) 100
by 1dentifying a target feature 176 which does not have a
corresponding shape or usefulness map in library 170,
selecting an SRAF 1nsertion site for feature 102 based on
characteristics of target feature 176 and usefulness maps 1n
library 170, generating a usefulness map for target feature
176 with ANN 174, adding target feature 176 and selected
SRAF 1nsertion site to library 170, mserting an SRAF for
teature 102 into IC layout 100 at the selected site, and,
optionally, automatically fabricating an IC structure based
on IC layout 100 which includes the mserted SRAF(s). To
expand the tramning data for ANN 174, usefulness maps
included within library 170 can be translated along one or
more axes to provide additional usefulness map examples
for comparison, training, and/or to predict usefulness maps
for new features. Training ANN 174 with computer system
202 can include, e.g., adding the 1nserted SRAF(s) 104, 106
and/or target features 176 to library 170 for future use, e.g.,
to account for features that were not previously included in
library 170. In this manner, computer system 202 can
provide a process methodology for automatically selecting
SRAF 1nsertion sites 108 and inserting new SRAFs 104, 106
into proposed IC layout(s) 100 without manual analysis
and/or decisions by a user.

Referring to FIG. 2, an example of an SRAF usefulness
map (simply “usefulness map,” hereafter) 180 for feature
102 1s shown to illustrate processes for selecting SRAF
insertion site(s) 108. As noted herein, usetulness map(s) 180
provide a visual metric for illustrating the influence of an
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SRAF on the manufacturability of feature(s) 102 when
SRAFs are included 1n proposed IC layout 100 at one or
more positions. The use of libraries 170 of usefulness maps
180 can result in significant runtime reduction and higher
quality of SRAFs 104, 106 1n proposed IC layout 100.
Usefulness map 180 depicted 1n FIG. 2 may represent one of
a plurality of usefulness maps 180 provided within library
170, each corresponding to respective features 102 1n pro-
posed IC layout 100. Usefulness map(s) 180 can visually
represent an eflect on the photolithography performance of
iserting SRAF(s) 104, 106 at a given position within the
vicinity of particular feature(s) 102. Any conceivable image
printability metric or a combination of several metrics can
be used to define the value of usefulness. Positive values of
uselulness, e.g., can correspond to widening of a process
variability band (pv-band), negative—to narrowing. In this
case, the more negative the usefulness becomes, the more
favorable 1s placement of SRAF(s) 104, 106 at a given
location.

However constructed, usefulness map(s) 180 can predict
the effects of SRAF placement 1n the proximity of feature(s)
102. In the above example, an improvement 1n usefulness
could be associated with a change 1n one or more printability
metrics, e.g., the pv-bandwidth. Pre-existing features 102
and usefulness maps 180 included in library 170 can be used
to construct new usefulness map(s) for IC layout 100, e.g.,
by combining multiple shapes by linear (or non-linear)
addition and/or superposition. Library 170 may initially
compiled from a limited number of usefulness maps 180, but
processes described herein can expand the training data for
ANN 174, e.g., by increasing the total number of usefulness
maps 180 included 1n library 170 as discussed herein.

Usetulness maps 180 1n library 170 may have be provided
manually by a user, optionally with the aid of one or more
independently implemented computer implemented pro-
cesses, algorithms, etc., for simulating the effect of SRAFs
on printability of feature(s) 102. Uselulness map 180 can be
divided into multiple areas based on the projected effect of
an SRAF on feature 102. Usefulness map 180 can include,
¢.g., one or more excluded zones 182 where adding SRAF(s)
104, 106 will negatively aflect the printability of feature(s)
102 1n usefulness map 180. Candidate zones 184, by con-
trast, represent regions of usefulness map 180 where adding
SRAF(s) 104, 106 to IC layout 100 (FIG. 1) will improve the
printability of {feature(s) 102. The distinction between
excluded zones 182 and candidate zones 184 can be based
on, €.g., one or more independent simulations, calculations,
etc., for whether an SRAF being included in a particular
location will improve or reduce the printability of relevant
teature(s) 102. Uselulness map 180 can therefore allow a
user, predictive algorithm, etc., to select one or more SRAF
insertion sites 108 1n candidate zone(s) 184 where SRAF(s)
104, 106 can be added to IC layout 100. Embodiments of the
present disclosure can apply usefulness maps 180 in library
170 (FIG. 1), regardless of the specific processes used to
define excluded zones 182 and/or candidate zones 184.
Generating Usefulness Maps with ANN

Turning to FIG. 3, a schematic diagram illustrating pro-
cesses of traming and using ANN 174 are shown to further
illustrate the application of usefulness maps 180 1n embodi-
ments ol the present disclosure. ANN 174 can provide (e.g.,
by machine learning) a model which relates one or more
input variables to a particular output variable. As successive
groups ol mputs are provided to ANN 174, the created
model can be adjusted based on comparing various outputs
to verified, 1deal values and/or other related groups of inputs
and outputs. Inputs 192 denote a group of inputs provided to
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ANN 100 which can include, e.g., one or more predeter-
mined features 102 and/or usefulness maps 180 1n library
170, 1n addition to the characteristics of target feature(s) 176
not included in library 170. Inputs 192 can together define
an mmput layer of ANN 174 represented by one or more
nodes. Each node and respective input 192 can in turn be
connected to other nodes 1 a hidden layer 194, which
represent particular mathematical functions. In embodi-
ments of the present disclosure, inputs 192 can include, e.g.,
one or more uselulness maps 180 for features 102 included
in IC layout 100 and/or other IC layouts. Each node of
hidden layer 194 can include a corresponding weight rep-
resenting a factor or other mathematical adjustment for
converting mnput variables ito output variables. The nodes
of hidden layer 194 can eventually connect to one or more
output nodes 196 node of an output layer, which provides
one or more output quantities, maps, etc., based on inputs
192. In embodiments of the disclosure, outputs from ANN
174 can include, e.g., one or more predicted usefulness maps

198 which may include machine-generated excluded zones
182 (FIG. 2), candidate zones 184 (FIG. 2), and/or SRAF

insertion sites 108 based on such zones.

To 1ncrease the eflectiveness of ANN 174, outputs 196
can be compared with predetermined or target (e.g., 1deal)
values to calculate errors in a process known as “error
backpropagation.” Where the error between various outputs
196 and a predetermined value exceeds a particular thresh-
old, ANN 174 can include processes for self-correction. For
example, process steps encoded 1n hardware and/or software
can use outputs 196 to adjust weights W of hidden layer 194
and or connections between mputs 192 to and hidden layer
194. In an example embodiment, error backpropgagation
can include “Bayesian Regulation,” a series of mathematical
steps leveraging probability for weight calculations 1n order
to minimize the mean squared error (MSE) (1.e., the squared
value of the diflerence between an output and a predeter-
mined value, whether positive or negative) between values
of output(s) 196 and the predetermined values. Bayesian
Regulation can help generalize the various mathematical
models 1n ANN 174 to avoid over fitting experimental data
to a particular model. Thus, ANN 174 can develop and
adjust models by processing multiple imputs 192 to calculate
outputs 196 and compare outputs 196 to predetermined or
expected values.

ANN 174 can take the form of one or more sub-classifi-
cations of ANN architectures, whether currently-known or
later developed. In one example, ANN 174 can take the form
of a “convolutional neural network,” for generating 1mages
(e.g., predicted usefulness map(s) 198) from base 1mages
(e.g., features 102 1n proposed IC layout 100, and/or use-
tulness maps 180). Convolutional neural networks may be
distinguished from other neural network models, e.g., by
including individual nodes in each layer which respond to
inputs 1n a restricted region of a modeled space known as “a
receptive field.” The receptive fields of different nodes
and/or layers can partially overlap such that they together
form a tiled depiction of a wvisual field (e.g., usefulness
map(s) 180 i X-Y space). The response of an individual
node to mputs within its receptive field can be approximated
mathematically by a convolution operation. In another
example, ANN 174 can take the form of a multilayer
perceptron (MLP) neural network. MLP neural networks
may be distinguished from other neural networks, e.g., by
mapping sets of mput data onto corresponding sets of
outputs by way of a directed graph. MLP neural networks
can rely upon automatic supervised learning, e.g., through
one or more backpropagation processes described herein.
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MLP neural networks may be particularly suitable for sets of
data which may be not linearly separable by conventional
mathematical techmques. Regardless of the chosen archi-
tecture of ANN 174, the training processes implemented,
¢.g., with training system 230 can be similar or identical.

Turning to FIG. 4, an example data flow diagram 1s
shown, 1llustrating a process of increasing the number of
teatures 102 and usefulness maps 180 1n library 170 accord-
ing to additional aspects of the disclosure. Usefulness maps
180 in library 170 may each correspond to features 102 a
single proposed IC layout 100 or may correspond to features
102 10on multiple proposed IC layouts 100. Furthermore,
usefulness maps 180 can be separately created based on
previously fabricated circuits 160 (FIG. 1), e.g., in an
independent process. The quality of outputs 196 (FIG. 3)
from ANN 174 (FIGS. 1, 3), e.g., predicted usefulness maps
198 (FIG. 3) can depend at least partially on the number of
features 102 and usefulness maps 180 represented 1n library
170. Typically, training ANNs (e.g., ANN 174) require large
amounts ol training data to provide suflicient prediction
accuracy. Thousands to hundred thousands of training
examples may be needed to train such a network. Generating
datasets suflicient to train ANN 174 can be a challenge. In
some cases, embodiments of the disclosure can also artifi-
cially increase the amount of training data in library 170 by
making use of the translational invariance property of use-
tulness maps 180. More specifically, 1t has been determined
that translating feature(s) 102 along one or more reference
axes relative to 1ts mnitial position will cause an identical
translation 1n 1ts associated usefulness map 180 without
having other effects.

To increase the amount of features 102 and usetulness
maps 180 without running additional simulations, embodi-
ments of the disclosure can include approaches for randomly
translating one or more features 102 and/or usefulness maps
180 in an X-Y plane to automatically create new features
102 and/or usetulness maps 180 for library 170. As noted
elsewhere herein, 1t has been determined that translational
movement of features 102 1 X-Y space can result in an
identical translation of the corresponding usefulness map(s)
180. An mitial dataset may include a limited number (e.g.,
forty-seven) of pre-calculated SRAF usefulness maps 180
included within usefulness map library. This number may be
randomly split into training examples (e.g., thirty-one maps)
and verification examples (e.g., sixteen). Then, the amount
of training data may be multiplied (e.g., by one-hundred) to
become a much larger amount (e.g., more than three-
thousand) by randomly shifting the training examples in
along X-axis and or Y-axis to provide a predetermined
number of translation iterations. Thereafter, ANN 174 can
compare the additional usefulness maps created from the
training examples against the verification examples to make
further adjustments to underlying nodes and layers. The
expanded library 170 can then be used to automatically
select locations where SRAFs may be added to an IC layout,
¢.g., by superimposing one or more of the translated or
non-translated usefulness maps onto each other and thereby
produce predicted usetulness map(s) 198 {for target
feature(s) 176.

Notwithstanding this property of features 102 and useful-
ness maps 180, changing the position of features 102 and/or
useiulness maps 180 in X-Y space can improve the amount
of training data for ANN 174 and/or the ability to generate
predicted usefulness maps 198 for features 102 not included
in library 170. As shown 1n FIG. 4, computer system 202 can
train ANN 174 by expanding the number of features 102 and
usefulness maps 180 i1n library 170, by translating (ran-
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domly, pseudo-randomly, or deterministically) existing fea-
tures 102 and usefulness maps 180 to create new features
102 and usefulness maps 180 for library 170. An example of
such translation 1s shown 1n FIG. 4 to illustrate how several
new features 102 and usefulness maps 180 can be created
from a relatively small sample size.

Computer System and Example Components

Turning now to FIG. 3, an illustrative environment 200
for implementing the methods and/or systems described
herein 1s shown. In particular, a computer system 202 1s
shown as including a computing device 204. Computing
device 204 can include, ¢.g., an IC modeling program 206
which may include, e.g., one or more sub-systems (layout
adjustment system 220 and/or training system 230 described
herein) for performing any/all of the processes described
herein and implementing any/all of the embodiments
described herein.

Computer system 202 1s shown including a processing
unit (PU) 208 (e.g., one or more processors), an I/O com-
ponent 210, a memory 212 (e.g., a storage hierarchy), an
external storage system 214, an mput/output (I/O) device
216 (e.g., one or more I/O interfaces and/or devices), and a
communications pathway 218. In general, processing unit
208 can execute program code, such as IC modeling pro-
gram 206, which 1s at least partially fixed in memory 212.
While executing program code, processing unit 208 can
process data, which can result in reading and/or writing data
from/to memory 212 and/or storage system 214. Pathway
218 provides a communications link between each of the
components 1 environment 200. I/O component 210 can
comprise one or more human I/O devices, which enable a
human user to interact with computer system 202 and/or one
or more communications devices to enable a system user to
communicate with the computer system 202 using any type
of communications link. To this extent, IC modeling pro-
gram 206 can manage a set of interfaces (e.g., graphical user
interface(s), application program interface(s), etc.) that
enable system users to iteract with IC modeling program
206. Further, IC modeling program 206 can manage (e.g.,
store, retrieve, create, manipulate, organize, present, etc.)
data, through several modules contained within a layout
adjustment system 220 (1.e., modules 222) and/or a training
system 230 (1.e., modules 232). Layout adjustment system
220 and traming system 230 are shown by example as being
sub-systems of IC modeling program 206. However, 1t 1s
understood that layout adjustment system 220 and traiming
system 230 may be wholly independent systems. Memory
212 of computing device 204 1s also shown to include ANN
174, though 1t 1s understood that ANN 174 may be included
within one or more independent computing devices, pro-
grams, etc., 1 alternative embodiments.

As noted herein, IC modeling program 206 can include
layout adjustment system 220 and training system 230. In
this case, various modules 222 of layout adjustment system
220 and modules 232 of training system 230 can enable
computer system 202 to perform a set of tasks used by IC
modeling program 206, and can be separately developed
and/or implemented apart from other portions of IC mod-
cling program 206. Memory 212 can thus include various
software modules 222, 232 of systems 220, 230 configured
to perform different actions. Example modules can include,
¢.g., a comparator, a calculator, a determinator, etc. One or
more modules 222, 232 can use algorithm-based calcula-
tions, look up tables, software code, and/or similar tools
stored 1n memory 212 for processing, analyzing, and oper-
ating on data to perform their respective functions. Fach
module discussed herein can obtain and/or operate on data
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from exterior components, units, systems, etc., or from
memory 212 of computing device 204.

Sets of modules 222, 232 of layout adjustment system 220
and training system 230 are shown to 1llustrate operation of
computer system 202 according to various examples. Layout
adjustment system 220 can include, e.g., modules 222 for
identifying features 1n one or more fabricated circuits 160.
During operation, layout adjustment system 220 can gener-
ate a database expressed, e.g., through a list, graphical
representation, and/or other organizational structure of each
teature 102 (FIG. 1) 1 proposed 1C layout(s) 102. Layout
adjustment system 220 can be operable to 1dentily functional
teatures, SRAFs, and/or other printable components in pro-
posed IC layout 100. In addition, layout adjustment system
220 can quantily one or more metrics for each identified
teature (e.g., length, width, surface area, printability, etc.). In
further embodiments, layout adjustment system 220 can

produce various outputs (e.g., predicted usefulness maps
198 (FIG. 3) based on one or more features 102 (FIGS. 1,

3-4) and/or usetulness maps 180 (FIGS. 2-4) in library 170.
Such inputs can be provided to computing device 204, e.g.,
through I/O device 216. Some attributes of proposed IC
layout 100 can be converted 1nto a data representation (e.g.,
a data matrix with several values corresponding to particular
attributes) and stored electronically, e.g., within memory
212 of computing device 204, storage system 214, and/or
any other type of data cache in communication with com-
puting device 204. Images and/or other representations of
proposed IC layout 100, fabricated circuit 160, etc., can
additionally or alternatively be converted into data inputs or
other inputs to IC modeling program 206 with various
scanning or extracting devices and/or manual entry of a user,
¢.g., by determining the dimensions of features 102 (FIG. 1),
SRAFs 104, 106 (FIG. 1), measuring and/or determining
topology measures (e.g., a polygon count, area density,
and/or diffraction order coeflicient), calculating a value of a
printability metric based on the attributes of each feature in
proposed IC layout 100, etc.

As discussed herein, IC modeling program 206, including
ANN 174, can create predicted usetulness maps 198 (FIG.
3) using one or more target features 176 in proposed IC
layout 100 and various forms of data in library 170 and/or
other traiming data 240. As described elsewhere herein ANN
174 can include multiple layers of models, calculations, etc.,
cach including one or more adjustable calculations, logical
determinations, etc., through any currently-known or later
developed analytical technique for predicting an outcome
based on raw data. ANN 174 can therefore use feature(s) 102
and/or various data in library 170 and other training data 240
as an input to select one or more sites where SRAFs can be
iserted into proposed IC layout 100 as discussed herein.
Example processes executed with ANN 174 and/or IC
modeling program 206 are discussed i1n detail elsewhere
herein. Modules 222 of layout adjustment system 220 and
modules 232 of training system 230 can implement one or
more mathematical calculations and/or processes, e.g., to
execute the machining learning and/or analysis functions of
ANN 174.

As discussed herein, training system 230 can include a
corresponding set of modules 232 for executing functions of
IC modeling program 206, discussed herein. Modules 232 of
training system 230 can include, e.g., a determinator for
making logical determinations based on one or more inputs.
Modules 232 of traiming system 230 can perform one or
more actions relating to the traiming of ANN 174, e.g.,
submitting data from library 170, other traiming data 240,
and/or memory 212 to expand the amount of reference data
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used by ANN 174. Other functions of modules 232 can
include, e.g., translating features 102 (FIGS. 1, 3-4) and/or
usetulness maps (FIGS. 2-4) along X-axi1s or Y-axis to create
additional training data for ANN 174. Training system 230
can include modules 232 for “flagging” (e.g., marking,
indexing, and/or otherwise 1dentifying in data) various fea-
tures 102 to indicate that they have been added to library 170
in other processes. Modules 232 of training system 230, 1n
addition, can modify ANN 174 by adjusting variables,
coellicients, weights threshold values, reference values, etc.,
based on the expansion of library 170. Modules 232 of
training system 230 can also include a calculator for carry-
ing out various mathematical operations, €.g., to adjust ANN
174 as prescribed by other processes. In other embodiments,
modules 232 of training system 230 may be used to adjust
ANN 174.

Computer system 202 can be operatively connected to or
otherwise 1 communication with fabricating device 150
having one or more OPC-based fabrication tools, e.g., an
OPC modelor, as part of the layout adjustment system 220
for converting proposed IC layouts 100 into instructions
used by fabricating device 150 to create fabricated circuit(s)
160. Computer system 202 can thus be embodied as a
unitary device i a semiconductor manufacturing plant
coupled to, fabricating device 150 and/or other devices, or
can be multiple devices each operatively connected together
to form computer system 202. Embodiments of the present
disclosure can thereby include using ANN 174 to select one
or more SRAF 1nsertion sites 108 (FIGS. 1-2), add SRAF(s)
104,106 to proposed IC layout 100 and the selected SRAF
insertion sites 108, and thereafter manufacture one or more
ICs based on proposed IC layout 100. As discussed herein,
embodiments of the present disclosure thereby provide
machine learming processes for automatically adding new
SRAF(s) to proposed IC layout 100, and creating fabricated
circuit(s) 160 using proposed IC layouts 100 which include
the added SRAFs 104, 106.

Where computer system 202 comprises multiple comput-
ing devices, each computing device may have only a portion
of IC modeling program 206, layout adjustment system 220,
and/or training system 230 fixed thereon (e.g., one or more
modules 222, 232). However, it 1s understood that computer
system 202 and layout adjustment system 220 are only
representative of various possible equivalent computer sys-
tems that may perform a process described herein. Computer
system 202 can obtain or provide data, such as data stored
in memory 212 or storage system 214, using any solution.
For example, computer system 202 can generate and/or be
used to generate data from one or more data stores, receive
data from another system, send data to another system, etc.
Operational Methodology

Referring to FIGS. 1, 3, and 5-6 together, processes for
analyzing 1C layouts and 1nserting SRAFs into the IC layout
according to the present disclosure are discussed. The steps
and processes depicted in FIG. 6 can be implemented, e.g.,
with one or more modules 222 of layout adjustment system
220, modules 232 of tramming system 230, and/or other
components of computer system 202 described herein by
example. A single and/or repeated execution of the processes
discussed herein can yield a machine learning process for
repeatedly using ANN 174 to add SRAF(s) 104, 106 (FIG.
1) to proposed IC layout 100 and, e.g., further train ANN
174. In this manner, circuit designers may adjust future
proposed IC layouts 100 to predict and/or continuously
expand library 170 as discussed herein. In the example
processes discussed herein, proposed IC layout 100 waill
generally be described as including at least two features 102
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therein, with some alternative examples referring to pro-
posed IC layouts with different numbers of features (e.g.,
one feature, four features, ten features, etc.). It 1s also
understood that the present disclosure can be implemented
with respect to multiple proposed IC layouts 100 simulta-
neously and/or sequentially, with each proposed IC layout
including features 102 with any concervable dimensions, 1n
any conceivable number, etc., and that other examples are
discussed herein where appropriate. The various processes
discussed herein, furthermore, can be implemented before,
alter, or during OPC implementation on one or more fabri-
cated circuits 160. It 1s also understood that one library 170
can be used for multiple proposed IC layouts 100 1n embodi-
ments of the disclosure, that multiple libraries 170 and/or
ANNs 174 can be used for one proposed IC layout 100,
and/or other embodiments may include further combinations
of IC layouts 100, libraries 170, ANNs 174, etc.

In a preliminary action, IC modeling program 206 or a
user thereof can optionally select one or more proposed IC
layouts 100 for fabricating circuit structures as described
herein. Process P1 1s shown in phantom to illustrate this
optional process according to embodiments. Each proposed
IC layout 100 can include, e.g., features 102 and/or SRAFs
104, 106. Although features 102 and SRAFs 104, 106 are
identified separately for clarity of explanation, IC modeling
program 206 may indiscriminately consider features 102 and
SRAFs 104, 106 to simply be 1dentified as “features™ 1in
proposed IC layout 100. Further processes described herein
can automatically insert SRAFs into proposed IC layout 100
selected 1 process P1. Proposed IC layout(s) 100 can be
submitted to computer system 202, e¢.g., as inputs to I/O
device 216 through a computer-readable storage medium
and/or other computer-readable inputs to computer system
202.

Regardless of how IC layout 100 1s selected, modules 222
of layout adjustment system 220 1n process P2 can i1dentily
one or more features 102 in IC layout 100 that are not
represented in library 170, e.g., as usefulness maps or
previously analyzed {features. According to an example,
modules 222 of layout adjustment system 220 can i1dentify
target feature(s) 176 from features 102 by applying optical
proximity correction (OPC) tools to extract one or more
teatures 102 from IC layout 100. Such OPC tools can use
rule-based and/or model-based correction techniques to
modily patterns on a mask (or reticle) used in photolitho-
graphic processing of an IC structure. Identifying target
teature(s) 176 in proposed IC layout 100 can also include,
¢.g., mapping techniques 1n which polygon edge fragments
from a beginning reticle layout, corresponding to proposed
IC layout 100, are iteratively manipulated into a corrected
reticle layout for extracting target feature(s) 176 for embodi-
ments of the disclosure. Target feature(s) 176 1dentified in
process P2 may also be identified relative to features 102
based on the absence of one or more corresponding useful-
ness maps 180 for target feature(s) 176 in library 170.
Embodiments of the disclosure can then generate usefulness
maps 180 for target feature(s) 176 1n other processes.

Regardless of the process for identifying target feature(s)
176 from feature(s) 102 1n IC layout 100, embodiments of
the disclosure can include automatically generating useful-
ness maps 180 for each target feature 176 with ANN 174.
The generating of usefulness map(s) 180 for target feature(s)
176 can proceed according to the various ANN processing,
techniques described elsewhere herein relative to FIG. 3,
¢.g., submitting representations of target feature(s) 176,
other features 102, previously-generated usefulness maps
180, and/or other traiming data 240 as mputs to ANN 174,
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which can apply various equations, algorithms, models, etc.,
at various nodes to yield predicted usefulness map(s) 198 for
cach target feature 176 as the generated usefulness map 180.
As discussed elsewhere herein relative to FIGS. 2-3, each
predicted usefulness map 180 generated with ANN 174 can
include, e.g., excluded zones 182 and candidate zones 184
for SRAF insertion 1n subsequent processes. Embodiments
of the disclosure can generate usetulness map(s) 180 (e.g.,
predicted usefulness map(s) 198) for target feature(s) 176
with ANN 174 without directly simulating the fabrication of
target feature(s) 176, but instead predict such characteristics
by reference to features 102 and usefulness maps 180 in
library 170.

After usefulness map(s) 180 are generated for target
teature(s) 176, the flow can proceed to process P4 of
selecting one or more SRAF 1nsertion sites 108 for IC layout
100. In particular, modules 222 of layout adjustment system
220 can select one or more portions of candidate zone(s) 184
in usetulness map 180 as a position where SRAF(s) 104, 106
should appear 1n proposed IC layout 100. The selecting of
SRAF 1nsertion sites 108 in process P4 can be based on, e.g.,
user mput based on usefulness map 180, calculating a
position 1n candidate zone(s) 184 where SRAF(s) 104, 106
will offer the greatest improvement to printability of target
teature 176, and/or other techniques or combinations of
techniques.

Methods according to the disclosure can include, in
process P3, adding target feature(s) 176 and the generated
usefulness map(s) 180 (e.g., predicted usefulness map 198)
to library 170. In process P35, modules 232 of training system
230 can mput target feature(s) 176 and uselulness map(s)
180 to library 170 as data to further train ANN 174 for
processing ol other proposed IC layouts 100. Adding target
teature(s) 176 and usefulness map(s) 180 to library 170 1n
process P3 can therefore provide continuous improvement
and expansion of training data for ANN 174 with each
execution of the present disclosure. To provide further
elliciency and improvement, library 170 can be 1n commu-
nication with multiple IC modeling programs 206 and
multiple ANN(s) 174 to accommodate various unprocessed
features 102 1n several proposed IC layouts 100.

In process P6, modules 222 of layout adjustment system
220 can msert new SRAFs 104, 106 into proposed 1C layout
100 at SRAF 1nsertion site(s) 108 selected 1n process P5. As
discussed elsewhere herein, SRAF insertion site(s) 108 can
be selected automatically to improve the printability of
target feature(s) 176. Process P6 can be implemented, e.g.,
before fabrication device 150 creates fabricated circuit(s)
160 from proposed IC layout 100, thereby allowing IC
modeling program 206 to directly edit proposed IC layout
100 to include SRAF(s) 104, 106 therein. The 1nserting of
SRAF(S) 104, 106 into proposed IC layout 100 1n process
P6 can occur independently from adjustments to library 170,
ANN 174 1n other process steps described herein. Where
applicable, the tlow can optionally proceed to process P7
(shown in phantom) in which IC modeling program 206
submits proposed IC layout 100 to fabricating device 150 to
yield one or more fabricated circuits 160 with fabricating
device 150. In some cases, a user may thereafter analyze
and/or extract fabricated circuit(s) 160 to further train ANN
174. In any case, the flow can conclude (*Done”) after
tabrication device 150 produces fabricated circuit(s) 160
from proposed IC layout 100.

The various processes discussed herein can, optionally, be
executed 1n a looping fashion to generate usefulness maps
180 for multiple target features 176. Methods according to
the disclosure can therefore include determining 1n process
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P8 whether library 170 1s complete with respect to proposed
IC layout 100. In this case, modules 222 of layout adjust-
ment system 220 can determine whether any features 102 in
proposed IC layout 100 are not represented in library 170.
Where all features 102 have been processed as target fea-
tures 176 for mserting new SRAFs 104, 106 (1.e., “Yes™ at

process P8), the flow can proceed to process P7, including
submitting proposed IC layout 100 to fabrication device 150
as described herein. In cases where at least one other feature
102 has not been as target feature 176 to insert more SRAFs
104, 106 (1.c., “No” at process P8), the flow can return to
process P2, including identifying one or more additional
target features 176 and thereafter executing processes P3-P6
as discussed herein.

Referring to FIGS. 1, 4-5, and 7 together, embodiments of

the disclosure can optionally include additional actions for
training ANN 174. FIG. 7 depicts an additional process P2A

of expanding ANN training data, e.g., implemented between
processes P2 and P3 as discussed with reference to FIG. 6.
It 1s understood that implementation of process P2A can
alternatively occur between other process steps and/or
simultaneously with other process steps where desired or
applicable. Process P2A, as described herein, can automati-
cally expand the size of library 170 to further train ANN 174
by modifying existing usefulness maps 180 to create new
usefulness maps 180. Process P2A can include several
sub-processes.

In process P2A-1, modules 232 of training system 230 can
translate (1.e., move to a displaced position without further
alterations) one or more usefulness maps 180 along one or
more reference axes, €.g., in X-Y plane as shown 1n FIG. 4.
The translating of usefulness maps 180 can be completed,
¢.g., by constructing at least part of an alternative IC layout
in which one or more features 102 are moved to a different
position. As discussed elsewhere herein, translational move-
ment of features 102 1 an X-Y plane may identically
translate a corresponding usefulness map 180 for the trans-
lated feature 102. Where one or more translated features 102
cause corresponding usefulness map(s) 180 to at least par-
tially overlap with each other, modules 232 of tramning
system 230 can re-generate usefulness map(s) 180 for at
least the overlapping portions, e.g., by addition, superposi-
tion, and/or other mathematical techniques for combining
representations of SRAF effectiveness. In many cases, the
translated usefulness map(s) 180 will be identical to the
non-translated usetulness map(s) 180 apart from being 1n a
different position (e.g., in plane X-Y).

In process P2A-2, training system 230 (e.g., via modules
232) adds the translated usefulness map(s) 180 to library 170
as new usefulness maps for training ANN 174. It 1s thus
understood that process P2A-1 can include one or more
usetulness map(s) 180 1n X-Y space to new positions and
adding the translated usefulness map(s) 180 to library 170 1n
process P2A-2, such that even a single usefulness map 180
can provide several new usefulness maps 180. The flow can
then proceed to process P2A-3, which includes training
ANN 174 with the translated usetulness maps 180 from
process P2A-2, e.g., by mputting the translated usefulness
maps 180 to various mput nodes to adjust processes 1mple-
mented by hidden layers 194 (FI1G. 3) and/or other portions
of ANN 174. Processes P2A-1 through P2A-3 can optionally
be re-executed 1 a looping fashion (as shown by the
corresponding phantom process flow) to produce additional
translated usefulness maps 180 from existing usefulness
maps 180 1n library 170. After ANN 174 has been trained

with additional usefulness maps 180 as discussed herein, the
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method can return to other processes described herein, e.g.,
process P3 of generating usefulness maps 180 from target
feature(s) 176.

Alternative Embodiments and Implementations

As will be appreciated by one skilled 1n the art, aspects of
the present invention may be embodied as a system, method
or computer program product. Accordingly, aspects of the
present invention may take the form of an entirely hardware
embodiment, an entirely software embodiment (including
firmware, resident soitware, micro-code, etc.) or an embodi-
ment combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module,” or
“system.” Furthermore, aspects of the present invention may
take the form of a computer program product embodied in
one or more computer readable medium(s) having computer
readable program code embodied thereon.

Any combination of one or more computer readable
medium(s) may be used. A computer readable storage
medium may be, for example, an electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor system,
apparatus, or device, or any suitable combination of the
foregoing. More specific examples (a non-exhaustive list) of
the computer readable storage medium would i1nclude the
following: an electrical connection having one or more
wires, a portable computer diskette, a hard disk, a random
access memory (RAM), a read-only memory (ROM), an
crasable programmable read-only memory (EPROM or
Flash memory), an optical fiber, a portable compact disc
read-only memory (CD-ROM), an optical storage device, a
magnetic storage device, or any suitable combination of the
foregoing. In the context of this document, a computer
readable storage medium may be any tangible medium that
can contain, or store a program for use by or 1n connection
with an nstruction execution system, apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, includ-
ing but not limited to wireless, wireline, optical fiber cable,
RFE, etc., or any suitable combination of the foregoing.
Computer program code for carrying out operations for
aspects of the present invention may be written in any
combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++ or the like and conventional procedural
programming languages, such as the “C” programming
language or similar programming languages. The program
code may execute entirely on the user’s computer, partly on
the user’s computer, as a stand-alone soiftware package,
partly on the user’s computer and partly on a remote
computer or entirely on the remote computer or server. In the
latter scenario, the remote computer may be connected to the
user’s computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or
the connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).

Aspects of the present disclosure are described above with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks 1n the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer program instructions. These computer
program 1nstructions may be provided to a processor of a
general purpose computer, special purpose computer, or
other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
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processor ol the computer or other programmable data
processing apparatus, create means for implementing the
functions/acts specified 1n the tlowchart and/or block dia-
gram block or blocks.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function 1n a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including istructions which
implement the function/act specified 1n the flowchart and/or
block diagram block or blocks. The computer program
instructions may also be loaded onto a computer, other
programmable data processing apparatus, or other devices to
cause a series of operational steps to be performed on the
computer, other programmable apparatus or other devices to
produce a computer implemented process such that the
istructions which execute on the computer or other pro-
grammable apparatus provide processes for implementing
the functions/acts specified in the tflowchart and/or block
diagram block or blocks.

The flowcharts and block diagrams in the Figures 1llus-
trate the layout, functionality, and operation of possible
implementations of systems, methods and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion of code, which comprises one or more executable
instructions for 1mplementing the specified logical
function(s). It should also be noted that, in some alternative
implementations, the functions noted 1n the block may occur
out of the order noted 1n the figures. For example, two blocks
shown 1n succession may, 1n fact, be executed substantially
concurrently, or the blocks may sometimes be executed 1n
the reverse order, depending upon the functionality
involved. It will also be noted that each block of the block
diagrams and/or flowchart i1llustration, and combinations of
blocks 1n the block diagrams and/or flowchart illustration,
can be mmplemented by special purpose hardware-based
systems that perform the specified functions or acts, or
combinations of special purpose hardware and computer
instructions.

As used herein, the term “configured,” “configured to”
and/or “configured for” can refer to specific-purpose fea-
tures of the component so described. For example, a system
or device configured to perform a function can include a
computer system or computing device programmed or oth-
erwise modified to perform that specific function. In other
cases, program code stored on a computer-readable medium
(e.g., storage medium), can be configured to cause at least
one computing device to perform functions when that pro-
gram code 1s executed on that computing device. In these
cases, the arrangement of the program code triggers specific
functions 1n the computing device upon execution. In other
examples, a device configured to interact with and/or act
upon other components can be specifically shaped and/or
designed to effectively interact with and/or act upon those
components. In some such circumstances, the device 1is
configured to interact with another component because at
least a portion of 1ts shape complements at least a portion of
the shape of that other component. In some circumstances,
at least a portion of the device 1s sized to interact with at least
a portion of that other component. The physical relationship
(e.g., complementary, size-coincident, etc.) between the
device and the other component can aid in performing a
function, for example, displacement of one or more of the
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device or other component, engagement of one or more of
the device or other component, efc.

The descriptions of the various embodiments of the
present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill 1n the
art without departing from the scope and spinit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

What 1s claimed 1s:

1. A method comprising:

identifying a target feature in an integrated circuit (IC)

layout not represented 1n a library, the library including
a plurality of sub-resolution assist feature (SRAF)
usetulness maps corresponding to a plurality of features
and SRAFs 1n the IC layout;

generating a usefulness map for the target feature with an

artificial neural network (ANN), the generating being
based on the target feature and the plurality of SRAF
usefulness maps in the library, wherein the usefulness
map 1ncludes at least one candidate zone where an
SRAF will increase printability of the target feature,
and at least one excluded zone where an SRAF will
decrease printability of the target feature;

translating one of the plurality of SRAF usefulness maps

along at least one reference axis to yield a translated
SRAF usefulness map;
adding the target feature, the translated SRAF usefulness
map and the generated usefulness map to the library;
selecting a candidate zone 1n the generated usefulness
map as an SRAF 1nsertion site for the target feature;
inserting an SRAF for the target feature into the IC layout
at the selected SRAF 1insertion site; and
manufacturing a circuit using the IC layout.
2. The method of claim 1, further comprising:
training the ANN to generate the usefulness map for the
target feature based on the translated SRAF usetulness
map, the target feature, and the plurality of SRAF
usefulness maps 1n the library.

3. The method of claim 2, wherein the at least one
reference axis comprises one of an x-axis and a y-axis 1n a
plan view of the IC layout.

4. The method of claim 1, wherein at least one SRAF
usetulness map of the plurality of SRAF usetulness maps 1s
based on a manufactured IC structure formed from the IC
layout.

5. The method of claim 1, further comprising determining,
a completeness of the library based on features of the IC
layout represented 1n the library.

6. The method of claam 1, wherein the ANN 1s a fully
connected multilayer perceptron ANN.

7. The method of claim 1, wherein the ANN 1s a convo-
lutional ANN.

8. The method of claim 1, wherein the library further
includes SRAF usefulness maps for a plurality of distinct IC
layouts, the plurality of SRAF usetulness maps includes at
least one feature different from the target feature, and the
target feature 1s not included within the plurality of distinct
IC layouts.

9. A computer program product stored on a computer
readable storage medium, the computer program product
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comprising program code, which, when being executed by at
least one computing device, causes the at least one comput-
ing device to:

1dentify a target feature in an integrated circuit (IC) layout

not represented in a library, the library including a
plurality of sub-resolution assist feature (SRAF) use-
fulness maps corresponding to a plurality of features
and SRAFs 1n the IC layout;

generate a usefulness map for the target feature with an

artificial neural network (ANN), the generating being
based on the target feature and the plurality of SRAF
usefulness maps 1n the library, wherein the usefulness
map includes at least one candidate zone where an
SRAF will increase printability of the target feature,
and at least one excluded zone where an SRAF will
decrease printability of the target feature;

translating one of the plurality of SRAF usefulness maps

along at least one reference axis to yield a translated
SRAF usefulness map;
add the target feature, the translated SRAF usefulness
map, and the generated usefulness map to the library;
select a candidate zone in the generated usetulness map as
an SRAF 1nsertion site for the target feature;

insert an SRAF for the target feature into the IC layout at

the selected SRAF 1nsertion site; and

instruct a manufacturing device to manufacture a circuit

using the IC layout.

10. The computer program product of claim 9, the com-
puter program product further comprising program code for
causing the at least one computing device to:

train the ANN to generate the usefulness map for the

target feature based on the translated SRAF usefulness
map, the target feature, and the plurality of SRAF
usefulness maps 1n the library.

11. The computer program product of claim 10, wherein
the at least one reference axis comprises one of an x-axis and
a y-axis 1 a plan view of the IC layout.

12. The computer program product of claim 9, wherein at
least one SRAF usefulness map of the plurality of SRAF
usefulness maps 1s generated from a manufactured IC struc-
ture.

13. The computer program product of claim 9, wherein
the ANN 1s one of a fully connected multilayer perceptron
ANN or a convolutional ANN.

14. The computer program product of claim 9, the com-
puter program product further comprising program code for
causing the at least one computing device to determine a
completeness of the library based on features in the IC
layout represented in the library.

15. The computer program product of claim 9, wherein
the library further includes SRAF usefulness maps pertain-
ing to a plurality of distinct IC layouts, the plurality of SRAF
usetulness maps 1includes at least one feature different from
the target feature, and the target feature 1s not included
within the plurality of distinct IC layouts.

16. A system comprising:

at least one computing device configured to perform a

method by performing actions including:

identily a target feature i an integrated circuit (I1C)
layout not represented 1n a library, the library includ-
ing a plurality of sub-resolution assist feature
(SRAF) usefulness maps corresponding to a plurality
of features and SRAFs 1n the IC layout;

generate a usefulness map for the target feature with an
artificial neural network (ANN), the generating
being based on the target feature and the plurality of
SRAF usefulness maps in the library, wherein the
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usefulness map includes at least one candidate zone train the ANN to generate the usefulness map for the
where an SRAF will increase printability of the target feature based on the translated SRAF usefulness
target feature, and at least one excluded zone where map, the target feature, and the plurality of SRAF
an SRAF will decrease printability of the target usefulness maps in the library.

feature; 5

translate one of the plurality of SRAF usefulness maps 18. The system of claim 17, wherein the at least one
along at least one reference axis to yield a translated computing deV1c§ 1s turther configured to determine a com-
SRAF usefulness map; pleteness of the library based on a number of teatures in the

add the target feature, the translated SRAF usefulness IC layout represented 1n the library.
map, and the generated usefulness map to the library; =~ 19. The system of claim 16, wherein the ANN comprises

select a candida}e Z0nc in Fhe generated usefulness map one of a fully connected multilayer perceptron ANN, or a
as an SRAF 1nsertion site for the target feature; and convolutional ANN.

insert an SRAF for the target feature into the IC layout . . .
at the selected SRAF insertion site: and 20. The system of claim 16, wherein the plural;ty of

SRAF usefulness maps includes at least one feature difierent

15 1rom the target feature, and the target feature 1s not included
within the plurality of distinct IC layouts.

a fabricating device configured to manufacture a circuit
using the IC layout.

17. The system of claim 16, wherein the at least one

computing device 1s further configured to: N T
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